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SPECTRAL EMISSIVITY OF HIGHLY DOPED SILICON
by Curt H. Liebert
Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio
SUMMARY
Measurements were made at temperatures of SOOO, 8820,
and 1074° K of the spectral normal emlssivity of opaque,
highly doped silicon. The silicon was doped with arsenic

and boron to Ny = 2.2x10%°, 3.7x101%, 8.5x10%°

and Np = 6.2X1019, 1.4X1020holes/cm5. The 300° K emissivity

electrons/cm3

data were obtained at wavelengths from 2.6 to 35 microns.
The higher temperature emissivitles were measured from 3.5
to 14.8 microns.

Measurements of the carrier concentrations and direct
current resistivity of the silicon were also performed. The
carrier concentrations were determined from Hall measurements
made at 300° K. The direct current resistivity was measured
at temperatures from SOOO to 12000 K. These quantities (among
others) were used in analytical calculations of the emissivities.

Agreement of the Hagen-Rubens theory with experiment was
found at wavelengths greater than 12 microns and at 300° K.
Good agreement of the free carrier absorption theory with ex-
periment was achieved at all wavelengths and temperatures in-

vestigated.



The free carriler absorption theory predicts the emissivity
in terms of the index of refraction and absorption index. The
values of these quantities are presented. A comparison of
the values of the absorption index obtained herein with those
obtained from the literature showed good qualitative agree-

ment.

INTRODUCTION

There is a considerable body of theory relating emis-
sivity, absorbtivity, transmissivity, and reflectivity to
the composition of homogeneous materials. Therefore, a
better understanding of the optical properties of homogeneous
materials could lead to a more complete insight of the pro-
perties required for radiant heat transfer calculations with
a variety of materlals. Whilile a quantltative description of
the latter may never be achieved, a fundamental understanding
of the optical properties of a material may permit extrapo-
lating measured data to temperatures or wavelengths beyond
the convenlent experimental range.

In recent years, there have been many theoretical at-
tempts to explain the phenomenon of dispersion by relating
the optical properties of smooth, homogeneous metals, di-
electrics and semiconductors to electrical properties. Two

approaches are the Hagen-Rubens theory (HR) (ref. 1) and the

metallic or free carrier absorption theory (FCA) (ref. 2).
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The HR theory is based on a somewhat ideallzed physical
model and leads to a simple expression for the normal spec-
tral emissivity in terms of the wavelength and direct current
resistivity. This theory is known to work well for metals
at near room temperature and at wavelengths greater than
about 10 microns. However, no investigations have been made
in which this theory was applied to highly doped semiconduc-
tors.

The FCA theory is more general and the resulting equa-
tions for emissivity are necessarily more complex. This
theory agrees well with the experimental optical properties
of metals at wavelengths longer than 0.75 microns and
over a:wide rahge “of temperature. Good agreement has glso
been found between thils theory and the optical properties of
dielectrics when measured over a wide temperature range.
Also, the FCA theory predicts well the room temperature emis-
sivity of semiconductors. However, this theory has not been
applied to the spectral emissivity of semiconductors at
elevated temperatures.

In this investigation, the spectral normal emissivities
of highly doped, single crystal, n- and p-type silicon with
optically smooth surfaces were experimentally determined in
air at SOOO, 8820, and 1074O K. Calculated emissivities as
predicted by the HR and FCA theories were then compared to

the experimental results.



The variation of direct current resistivity with tem-
perature and the room temperature Hall coefficient were also
experimentally determined. The resistivity was used in both
theories to calculate the emissivity. The Hall coefficient
was used to determine the carrier concentration. The carrier
concentration was used in the FCA theory along with other
parameters chosen from the literature.

The results presented herein show that the HR theory
agrees with experiment only at long wavelengths and room
temperature whereas the FCA theory agrees at all wavelengths

and temperatures investigated.

SYMBOLS
e electron or hole charge, 1.6x10° 19 coul
K\ spectral absorption index
m mass of electron or hole, 9.11x107%1 kg
m effective mass of electron or hole, kg
my, effective mass of electron, kg
m; effective mass of hole, kg
N carrier concentration, em™2
N, electron carrier concentration, electrons/cm5
Np hole carrier concentration, holes/cm3
ny spectral index of refraction

Ry  Hall coefficient, cm®/coul

sy spectral normal reflectivity




ay spectral absorption coefficient, em

€ spectral normal emissivity

e%,exp experimental spectral normal emissivity

€ relative_dielectric constant in the absence of any
contribution from free charges at very high fre-
quencies

ek,max maximum values of spectral normal emissivity

€5 permittivity of free space, 8.85><1O'12 coulg/nt m2
A wavelength, L, microns

L microns

"p mobility of holes, sec coul/kg, m°/volt sec
W mobility of electrons,

v frequency, sec™t

p direct current resistivity, ohm-cm, sec

o conductivity, (ohm-cm)™ %, (sec)”?

T relaxation time, sec

w frequency, radians/sec

APPARATUS AND PROCEDURE
Silicon Emissivity
Two types of spectrophotometers were used. A Perkin-
Elmer model 13 recording infrared spectrophotometer with an
emittance-reflectance attachment was used to measure the
normal spectral emissivity of specimens in air at tempera-

tures of 882o and 1074O K. These measurements were taken



over a wavelength range from 3.5 to 14.8 microns. The in-
strument was operated in the double beam mode with data re-
corded continuously on a strip chart recorder. The procedure
for obtalning this data and the accuracy of the measurements
are discussed 1n appendix A.

A Perkin-Elmer Model 521 spectrophotometer with a specu-
lar reflectance attachment was used to measure the near
normal specular reflectivity in air at 300° K and wavelengths
of 2.5 to 35 microns. (The angle of incidence of the light
beam was about 60). This reflectivity was determined by com-
paring the energy reflected by the samples to that which was
reflected by an aluminum mirror. It was assumed that the
mirror had a reflectivity of 100 percent. The normal spec-
tral emissivity was calculated from the measured normal
spectral reflectivity of the sample and the relation,

€\ = 1 - Ty

Sample Preparation for Emissivity Measurements

Ingots of single crystal silicon doped with arsenic to

019

achieve electron carrier concentrations of 2.2Xx1 s 3.7x1019

19 A . .
electrons/om5 and doped with boron to achieve

and 8.5x10
hole carrier concentrations 6.2x101° and 1.4x10°° holes/cm®
were purchased from the Allegheny Electron Chemicals Company.

Digks 23 millimeters in diameter and 1.6 millimeters thick




were cut from the ingots. The front side of the samples was
optically polished and etched. Observations of the polished
surface with an electron microscope showed that the width

of ridges produced from the polishing procedures was about
one-half micron. Two chromel-alumel thermocouples fabricated
from O0.13 millimeter wire were mounted in a small groove
sandhlasted into the back side of each sample. The thermo-
couple Junctions were spot welded to the silicon. The
thermocouple wires were held in the groove with a high tem-
perature cement.

Transmittance measurements were performed on samples
which were optically polished on both surfaces. The meas-
urements established that the samples were opaque at wave-
lengths of 2.5 to 35 microns and at thicknesses of 23 milli-

meters.

RESULTS AND DISCUSSION
Room Temperature Resistivity and Carrier Concentration
The values of carrier concentration N = 1/RHe, and

resistivity were obtained for the silicon samples using con-
ventional Hall and direct current resistivity apparatus and
procedures. The values of resistivity obtained herein agreed
within 5 percent of the data supplied by the manufacturer.
An error analysis of the Hall and resistivity apparatus in-
dicated that the measurements of carrier concentration and

resistivity are accurate to 1 percent.




Variation of Direct Current Resistivity with Temperature
The general variation of the resistivity of doped silicon
with temperature is shown in the insert of figure 1. As the
temperature rises, the resistivity decreases at low tempera-
tures (region I), increases at moderate temperatures (region II)
and again decreases at the higher temperatures (region III).
This investigation was performed in region IT where the
silicon resistivity increases as the temperature rises.
Figure 1 presents data showing the variation of resistivity
with temperature and carrier concentration for both the n-
and p-type semiconductors. The rising resistivity with in-
creasing temperature is attributed to a decreasing mobility
of charge carriers (ref. 3). This concept is visualized

from equations

p = (Nnepdn)_1 = (Npeup)_l
where the subscripts n and p refer to electrons and
holes, respectively, and p 1is the mobility. The carrier
concentration in these heavily doped semiconductors is a
constant with temperature over the range of 300O to llOOO K
decreases.

(ref. 3). Therefore, as p lncreases,

or

Hp
Reference 3 presents extensive data on the variation of

M

resistivity with temperature for highly doped n- and p-type
silicon. When possible, a comparison was made between the
experimental resistivity obtained herein and the data of
reference 3. The comparison showed agreement within *3 per-

cen

P



Comparison of the Hagen-Rubens Theory with Experiment
Figures 2 and 3 present the experimental spectral normal
emissivity of the three n-type and two p-type silicon speci-

© and 1074° XK. As mentioned

mens at temperatures of SOOO, 882
previously, the carrier concentration does not vary within
this range of temperature, and thus is a constant for each
figure. Included in these figures 1is the variation of spec-
tral normal emissivity with wavelength and temperature as
interpreted by the Hagen-Rubens theory which is based on the
direct current resistivity. The equation for emissivity

derived from the HR theory and Kirchoff's law is given for

opaque solids as (ref. 1):

g "0
2(7) + 1 -2

v
& =1 - (1)
A 2(9)+1+2%

v

where o = 1/p and VvV 1is the frequency of the light cor-
responding to the wavelength, A. The resistivity data shown
in figure 1 was used to calculate the Hagen-Rubens emis-
sivity from equation (1) at the appropriate wavelength, tem-
perature, and electron concentration. Figures 2 and 3 show
that the best agreement of experiment and theory was achieved
at the highest values of N, or N in the wavelength

b

region of 12 to 35 microns and at room temperature. As Nn

or Np decreases, the agreement at room temperature is good

only at progressively greater wavelengths.
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The calculated emissivity does not agree with the data
taken from 3.5 to 14.8 microns and at the elevated tempera-
tures. However, the curves may asymptotically approach the

calculated values at the longer wavelengths (see fig. 2(a)).

Comparison of the Free Carrier Absorption
Theory with Experiment

Free carrier abgorption theory. - The inherent assump-

tion which causes the HR theory to breakdown at short wave-
lengths for metals, and presumably for semiconductors, is
that the period of the light 1s large as compared with the
relaxation time (ref. 1). A more general theory which does
not make this assumption, and which therefore can predict

the experimental emissivity of silicon over a wider range

of wavelengths is known as the Free Carrier Absorption Theory
(FCA) (ref. 2). This theory predicts the emissivity in

terms of the index of refraction, Ny, and the absorption in-
dex, ko.

For an opaque polished solid the spectral normal emis-
slvity 1is given from Kirchoff's law and Fresnel's formulas
as

4n

S (2)

(1’1?\ + 1)2 + k')\

and kk’ can be related through the FCA theory

6)\=

Values of nx

to known or measurable qQuantities by the following equations:




——

2
1,17\1'{7\ = Ne* K
2dm €5 1 + w2T2 )

where e 1is the electron or hole charge, m* is the effec-
tive mass of electrons or holes, N 1is the carrier concen-
tration of electrons or holes, €, is the permittivity of
free space, €, 1is the relative dielectric constant in the
absence of any contribution from free charges at very high
frequencies, A 1is the wavelength, and 1 1is the relaxation
time.

Sources of values of parameters. - The physical con-

stants e and €5 are very accurately known. The carrier
concentration N was determined from the experimental Hall
measurements mentioned on page 7..

The free electron effective mass m;, was taken from
reference 4 as 0.27, 0.26 and 0.28 m for N, = 2.2x10'9,
5.7X1019 and 8.5><1019 eleotrons/oms, respectively. These
values were obtained from reflectivity measurements (pre-
sumably obtained at room temperature) which were then used
to calculate m; from equations similar to (3) and an
€% = 11.7. It is also shown in reference 4 that an

my = 0.26 m may be calculated from cyclotron resonance ex-

periments. Also, an m; = 0.29 m may be obtained from the
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diamagnetic susceptibility of the free carriers (ref. 4).
Thus, varying types of experiments produce values of m;
which agree well. However, values of me = 0.43 m to 0.44 m

n
19 ¢o 1.1x10°0

for N, = 6.4X10 electrons/cm5 have also been
published (ref. 4).

A value of m; = 0.40 m was used in this investigation
for the hole effective mass. Spitzer and Fan (ref. 5) de-~
termined mg = 0.37 m from reflectivity measurements using
a specimen with a hole concentration of 9.6X1018 holes/cmS.
Reference 2 also shows that cyclotron resonance experiments
produced a m; = 0.39 m for holes.

Very little is known about the variation of effectilve
mass with temperature. Thus, m; and m; were not varied
with temperature in these experiments.

It is very difficult to experimentally determine €.
Thus, data for the parameter are very scarce. Reference 6
shows that values have been measured for silicon that vary
from 11.7 to 14.6. A value of €= 13t12 percent spans this
variation. A value of €, = 13 was used herein. Reference 7
indicates that the variation of €, with temperature may be
small. Cardona, Paul and Brooks found a 2 percent increase

in €, from about 70° to 300° K. Thus, no attempt was made

to vary €, with temperature.
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The relaxation time was calculated from the direct

current resistivity data given in figure 1, the values of

m*, N and e discussed above and the following equation:

*
m

T = pNe2 (4)

Comparison of FCA theory with experiment. - All the

values of the parameters given on the right side of equa-
tion (3) have been established and thus the theoretical
emissivity may be calculated. Figures 4 and 5 present the
variation of spectral normal emissivity with wavelength and
temperature as interpreted by the FCA theory. Also included
in figures 4 and 5 are the same experimental emissivity data
presented in figures 2 and 3.

The variation of the theoretical emissivity from that
of the experimental data obtained from the n-and p-type
silicon at room temperature varies from about *16 percent
at €5 ,exp = 0.19 to £5 percent at €) oxp = 0.80. This is
the magnitude of the emissivity experimental error (see ap-
pendix A).

A divergence of experiment with the FCA theory was noted
at the elevated temperatures. In general, the best agree-
ment was obtained on the short wavelength side of the emis-

sivity maximum, ex,maX' On the long wavelength side of

A\,max the theory predicts emissivity values somewhat
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smaller than experiment; the theoretical emissivity is at
most lower than the experimental results by about 14 percent.
These discrepancies are probably due to the small variations
of €, and m with temperature which were not considered.

Values of N3 and k). - Figures 6 and 7 present the

values of N and k; which were calculated with the FCA
theory.

Spitzer and Fan (ref. 8) give values of the absorption
coefficient, a) = 4ka/%, calculated from measured values of
room temperature reflectivity and transmissivity of n-and
p-type slilicon doped to carrier concentrations ranging from
about 1016 to 1019 em™3. Their data, which was obtained only
on the short wavelength side of €) pax, show that plots of
log a5 against log A and plots of log a, against log
N is a straight line at wavelengths greater than 5 microns.

Figure 8 presents the variation of log a3 against log
A as calculated with the FCA theory at N, = 2.2X1019
electrons/cmsand as calculated with the theory of reference 8

019 electrons/cm®. Figure 8 shows that the

at Np = 1X1
values of log a; obtained from both theories vary linearly
with log A.

Limited calculations using the values of kx and N

obtained herein at 6 microns also showed a linear variation

of log a) against log N.
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Interpretation of Results

The primary result of these experiments 1s that the
spectral normal emissivity of heavily doped silicon heated
to temperatures up to 1075° K agrees well with the FCA theory.
Therefore, use of the FCA theory will also predict the vari-
ations of €, with wavelength, carrier concentration and
temperature shown in figures 4 and 5. The manner in which
the use of the FCA theory predicts these experimental varli-
ations will now be discussed.

Effects of wavelength on €;. - The experimental emis-

sivity of all silicon specimens passes through a maximum as
the wavelength is varied. Calculated values of €3 using
the FCA theory vary in a similar manner. This result can
be interpreted as a coupling of Nn; and k) through
equation (2).

Effect of carrier concentration on ¢€). - The emis-

sivity increases as N decreases and as <+ 1increases at a
a constant temperature and at given wavelength (A 2 12u).

An example of this effect at 14 microns and 1074O K is shown
in table T.

Effect of temperature on €, at long wavelengths. - The

emissivity increases as the temperature increases and as T
decreases at a constant N and at wavelengths much longer
than those wavelengths corresponding to €3 pax- An example

of this effect at 14 microns and at Np = 8.5x101°9 electron/cm®

is shown in table IT.
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Effect of temperature on €, at short wavelengths. -

Little variation of €, with temperature occurs at constant
N and on the short wavelength side of &) pax. The low
values of k; calculated at wavelengths less than those for
), max (fig. 6) contribute little to ¢€,. Since n, appears
both in the numerator and denominator of equation (2), changes

in its value with temperature cause relatively little change

in the values of t%.

CONCLUDING REMARKS

© and 1074° K of

Measurements were taken at BOOO, 882
the spectral normal emissivity of heavily doped silicon.
The silicon was doped with arsenic and boron to
2.2x101%, 3.7x1019, 8.5x101°9 electrons/cm® and

Ny = 6.2x1017, 1.4x10°°

Ny

]

noles/cm®>. The 300° K emissivities
were determined from 2.5 to 35 microns and the higher tem-
perature emissitivies were measured from 3.5 to 14.8 microns.
The carrier concentration at 300° K was determined from Hall
measurements. Also, the resistivity of the silicon was
measured at temperatures from 200° to 1200° K. The carrier
concentrations and resistivities were used in analytical
calculations of the emissivities.

The emissivity data were compared with the Hagen-Rubens

equation which is based on the direct-current resistivity.

This equation is known to predict well the emissivity of



metals at long wavelengths and moderate temperatures. Meas-
ured resistivitiles were used to calculate this theoretical
emissivity. Agreement of theory and experiment was found at
wavelengths longer than 12 microns and at room temperature.
The experimental emissivities were also compared with
the calculated values using the free carrier absorption
theory (FCA). This theory considers n)\ and k, to be

. *
funetions of e, m, N, €5, €;, A, and 7. The constants

o
e and €5 are accurately known. The relaxation time is
a function of p, N, m  and e. The experimental values
of p and N determined herein were used to determine .
The values of m were obtained from the literature. The

value of ¢ as determined by other experiments, is not

0?
known as accurately as other parameters. Thus, it was
necessary to choose ¢, within the range of values given

in the literature such that the theoretical variation of
emissivity with wavelength could be more closely fitted to

the experimental variations of e .

Good agreement of the FCA theory and experiment was
achieved for both the p-type and n-type silicon at all wave-
lengths and temperatures investigated. Therefore, it was
concluded that the FCA theory as applied to silicon with N
greater than 101°% cm™3 15 a proper physical law for predicting
and interpreting the experimental variations of €3 with

wavelength, carrier concentration and temperature observed

in these experiments.
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It was generally found that the emissivity calculated
with the FCA theory: (1) passed through a maximum as the
wavelength varied; (2) varied little with temperature at a
constant value of N and at all wavelengths corresponding
to the short wavelength side of €x, maxs (3) increased as
N decreased and as T increased at a constant temperature
and at wavelengths of about 12 microns or greater; (4) in-
creased as the temperature increased and as T decreased
at a constant N and at wavelengths much longer than those
wavelengths corresponding to €\, max-

The index of refraction (m,) and absorption index (k)
of the silicon specimens at temperatures of 3000, 8820, and
1074° K were also obtained using the FCA theory. The values
of kj; obtained from the FCA theory at 300° K were used to
calculate dy. These values of Q) were compared with those
in the literature which are based on the optical ray absorp-
tion theory (ref. 8). Good qualitative agreement was ob-
tained from this comparison. Thus, it was concluded that
the FCA theory can be used with reasonable accuracy to ob-
tain the n, and kx of opaque media. Also, it is expected
that high temperature optical properties of highly doped
germanium cadmium sulfide and alloys of silicon -and germanium

may also be.obtained from the free carrier absorption theory.

PRECEDING PAGE BLANK NOT FLMED.
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APPENDIX A

The uncertalinty associated with the type of emissivity
measurements made herein has been discussed by many authors.
A good discussion covering most of the possible errors is
given in reference 9. One such error arises from a mis-
match between the specimen temperature and the hohlraum tem-
perature. The difference can arise because the thermocouples
are not recording the true gpecimen ftemperature and because
of intolerable temperature gradients in the hohlraum. The
following discussion will show how the errors were minimized

in these experiments.

Emittance of Standard

Alumina, flame sprayed to a thickness of 0.4 millimeter
on a roughened stainless steel 304 substrate was used as a
standard to achieve a temperature match for this system.
Thermocouples were added to the substrate in the manner pre-
viously discussed for silicon. The results of experiments
by others measuring normal spectral emittance or reflectance
agree that Al-Oz either in powdered, flame-sprayed, or sintered
form has an emittance of 0.95 to 0.99 at 8.5 microns over a
range of temperatures from absut 300° to 13009 K- and over a
wide range of surface roughness and thickness. A spectral
emittance of the standard of 0.97 to 0.99 at 8.5 microns was

achieved with the hohlraum and standard temperature settings



given in table III. (The hohlraum has an advertized emit-
tance of 0.99). The lower indicated standard temperatures
as compared to the hohlraum temperatures are attributed to
heat conduction through the thermocouples and a measured
temperature gradient through the standard of 2% at about
880° and 4° at about 1070° K. It is seen that the hohlraum
used in these experiments possesed a temperature gradient
of 3% at about 290° and 15° at about 1090° K. These small
temperature gradients were achieved by inserting a ceramic
plug into the hole in the hohlraum normally occupied by the
reflectance sample holder.

Figure 8 shows the spectral normal emittance of the
standard from about 1.2 to 14.8 microns at the temperature
settings given in table III and also at 300° K. The re-
flectivity attachment on the Perkin-Elmer Model 13 spectro-
photometer was used to obtain the room temperature emittance.
The good agreement of the data from about 1 to 2.5 microns
and from about 4 to 14.8 microns indicates that a proper fem-
perature match between hohlraum and standard has been estab-
lished.

The room temperature data shown in figure 9 was found
to agree well with room temperature measurements obtained by
J. C. Richmond on flame-sprayed alumina (ref. 10). This
agreement included complete verification of the emittance
peak shown at about 3 microns (fig. 9). This peak is gener-

ally considered to be caused by absorbed water. Thus, the
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variations of €, with temperature at wavelengths of about
2.5 to 4 microns are probably caused by more absorbed water

present in the alumina at 300° than at 1074° K.

High Temperature Emissivity of Silicon

The temperature settings given in table III as obtained
with the alumina standard were used to obtain the spectral
normal emissivity of the various silicon samples. However,
good emissivity data may be obtained from the silicon speci-
mens by using the standard as reference only if the surface
temperatures are about equivalent and the heat conduction
loss along the thermocouple wires are about the same for
both materials.

The temperature gradient across a silicon specimen with

N = 2.2X1019 electrons/cm5 was experimentally found to be

n

3° at about 880° and 5° at about 1070° K. Thus, the tem-
perature drop across the silicon and the standard are within
1° K.

The heat loss through the thermocouple wires could not
be determined experimentally and therefore a rough estimate
of this loss was made analytically. Theory (ref. 11) shows
that the thermocouple wires attached to the standard and the
silicon may indicate different (and low) temperatures even

though the specimens may, in fact, be at identical tempera-

tures. The reason for this is that the heat conducted along
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the thermocouple wires welded to the stainless steel (stan-
dard) can be different from that conducted along the wires
welded to the silicon. However, 1t was calculated that
there was an identical heat loss along the thermocouple
wires attached to either the silicon or the stainless steel.

It was also calculated from the theory of reference 11
that the thermocouples would read about 20° K lower than the
true specimen temperature at temperatures of 900° to 1100° X.
This error is very close to that shown in table III.

It is well known that the silicon surface will oxidize
when exposed to alr and that this oxidation is more rapid
at higher temperatures. The oxidation, if sufficiently
rapid, could cause large inaccuracies in the emissivity data.
To evaluate the effect of oxidation on emissivity, meas-
urements were made of the room temperature emissivity before
and after the emissivity was measured in air at the elevated
temperatures. Negligible variations of the room temperature
emissivity were observed.

The above discussion has indicated that the experimental
error assocliated with the high temperature silicon emis-
sivity is small. This experimental error 1is considered to
be between *4 and +7 percent.

The hohlraum and standard temperatures given in table IIT
were averaged to obtaln the average temperature given in

table IITI. These temperatures are 882° and 1074° K. A1l
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the silicon properties needed to establish the correspondence
between theory and experiment were evaluated at these two

average temperatures and at room temperature (300° K).

Room Temperature Reflectivity

The room temperature, specular, near normal reflectivity
of all the silicon specimens was measured at wavelengths of
2.5 to 35 microns. For comparison purposes, the total
(specular plus diffuse) reflectivity of the silicon from
3.5 to 14.8 microns was also measured using the Gier-Dunkel
type hohlraum on the Perkin-Elmer Model 13 spectrophotometer.
It was found that the specular and total reflectivity meas-
urements generally.varied from *16 percent at a' 8Specular
ey = 0.19 to:xblpercent at a specular..é, ='0.80. Therefore,
the room .temperature 'specular reflectivity is believed to
be be accurate at least to these percentages.

Howarth and Gilbert,reference 4, experimentally de-
termined the room temperature spectral reflectivity of highly
doped n-type silicon for purposes of determining the free
electron effective mass. A comparison of their data obtained
at wavelengths of 3.5 to 14.8 microns with the data obtained

herein indicated good agreement.
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- VALUES OF

€\ AND

T CALCULATED AT 14 MICRONS

AND 1074° K
Ny x1019, en [tx10714,
electrons/cmd sec
8.5 0.46 0.39
3.7 .62 .47
2.2 .69 .55
N Xlolg, e 1X10—14:
holes/cmd sec
14 0.49 0.29
6.2 .62 .39
TABLE II. - VALUES OF €
- AND CALCULATED AT
14 MICRONS AND
N, = 8.5x10%°
electrons/cm®
Temperature, € TX10_14,
oK sec
300 0.24 1.06
1074 .46 0.39




E-3647

TABLE ITI. - STANDARD AND HOHLRAUM TEMPERATURE SETTINGS

NECESSARY TO ACHIEVE €, = 0.97t0.03 AT 8.5 MICRONS

A

—Ceramic plug

~Hohlraum

Thermocouple 1*~4L

Thermocouple 2—8

g -~Thermocouple 3
e

Specimen
(standard)-= \\
N\
N\
N\
Standard Hohlraum temperature set- Average
temperature tings, °K temperature,
settings, OK
oKk Thermo- | Thermo- | Thermo-
couple 1 | couple 2 | couple 3
874 891 894 886 882
873
872
1058 1088 1095 1080 1074
1060
1061
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Spectral index of refraction, ny
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Figure 7. - Index of refraction of n- and p-type silicon.
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